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TURBULENCE MEASUREMENTS IN SHALLOW FLOWS IN GRAVEL-BED RIVERS 
 
 
M.J. Franca1 and U. Lemmin2 
 
 
ABSTRACT 
 
Input from actual field measurements is required by river modelers in order to improve turbulence 
equation closures in hydrodynamic models. This paper is based on 3D ADVP river measurements 
taken in a gravel-bed river under shallow and stationary flow conditions. The blockage ratio is 
h/D50≈3.0. It was found that the flow depth can be divided into three inviscid layers: roughness layer 
(z<≈0.20h); intermediate layer (0.20h≈<z<≈0.80h); surface layer (z>≈0.80h). The turbulence 
distribution was measured and analyzed including all the components of the Reynolds stress tensor 
(RST). The streamwise turbulent intensity dominates the TKE, representing between 50 to 80% of 
the TKE. Spanwise and vertical contributions throughout the flow depth are analyzed as well. A 
comparison of the results with empirical formulas given by previous authors to describe normal RST 
components shows their limitations in the roughness layer of the flow. In the roughness layer, RST 
shear stresses other than the longitudinal acquire more importance and occasionally prevail. In the 
intermediate layer, the flow is 2D and the velocity distribution is mainly logarithmic. Here, the 
longitudinal Reynolds shear stress distribution is linear and self-similar; the influence of bed 
roughness and surface irregularities is smoothed out and a combined shear effect is exerted.  
 
 
1. INTRODUCTION 
 
The random variability of the bed elevation caused by large-scale roughness in geophysical flows 
such as in shallow gravel-bed rivers presents additional constraints for modeling. For small values of 
the flow-depth to grain-diameter ratio (h/D), the flow is strongly conditioned by the random bed 
geometry formed by large-scale gravel.  In this paper we present results on the mean and turbulent 
velocity field from detailed measurements of velocity profiles obtained with the Acoustic Doppler 
Velocity Profiler developed at the Laboratoire d’Hydraulique Environnementale. The measurements 
were made in a gravel-bed river under shallow flow conditions. The investigation focused on the 
distribution of the mean velocity and Reynolds stresses throughout the water depth. 
Previous authors showed that self-similarity of the mean turbulence characteristics does not 
exist in the roughness layer, a restricted lower region of the flow (Nikora and Smart 1997 and Smart 
1999). Due to the high concentration of coarse elements in the riverbed, a general roughness-wake 
effect is formed in the flow producing a phenomenon similar to Morris’s wake-interference flow 
(Morris 1959, Kirkbride and Ferguson 1995, Baiamonte and Ferro 1997 and Buffin-Bélanger and 
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Roy 1998). Nikora et al. (2004) recently presented preliminary simulation results of turbulent flow 
between the large roughness troughs and tops. Inside the roughness layer the flow is essentially 3D 
with consequences on the Reynolds stress distributions. Above the roughness layer, and below the 
surface layer, an intermediate region of the flow exists where self-similarity of the shear stress 
distribution parameterized with the friction velocity occurs. This region is similar to the blending 
layer defined in atmospheric flows (Wieringa 1976). The riverbed roughness and the irregular free 
surface influences are blended and combined into one single resistance effect, determining a quasi 
2D homogeneous shear distribution within the intermediate region of the flow. The interface 
between the roughness and blending layer of the flow determines the shear resistance distribution. 
For similar measurements Franca and Lemmin (2005) identified a surface layer on the flow 
(z/h>0.80) where a permanent 3D organized structure exists, the so-called Surface Layer Organized 
Motion (SLOM). These features are common in geophysical flows with random bed forms and low 
blockage ratio h/D, and produce differences from the classic closure methods for turbulence models 
(Nicholas 2001). One of the main problems in turbulence modeling is the geometric complexity 
(Rodi 1984). Czernuszenko and Rylov (2004) included random bed form effects in turbulence open-
channel flow modeling. 
This investigation is based on 3D Acoustic Doppler Velocity Profiler (ADVP) field 
measurements in a gravel-bed river. The paper presents results from a data analysis of the mean 
velocity profile and of the Reynolds stress tensor (RST). 
 
 
2. FIELD MEASUREMENTS 
 
The present measurements were taken during the summer of 2004, in the Swiss river Venoge 
(canton of Vaud). Fifteen instantaneous velocity profiles were measured in a single day under 
stationary shallow water flow conditions, confirmed by the discharge data provided by the Swiss 
Hydrological and Geological Services. The measuring station was located about 90 m upstream of 
the Moulin de Lussery. The river hydraulic characteristics at the time of the measurements are 
shown in Table 1. 
 
Table 1 Summary of the river hydraulic characteristics. 
 
Discharge Slope Mean depth Width 
Mean 
velocity Re Fr D50 D84 
m3s-1 % m m ms-1 x10-4 - mm mm 
0.76 0.33 0.20 6.30 0.60 5.9-8.7 0.32-0.61 68 89 
 
Re, is the Reynolds number; Fr, the Froude number; D50 and D84, the bed grain size diameter 
for which 50% and 84% of the grain diameters are smaller. The riverbed material was sampled 
according to the Wolman method (Wolman 1954), and analyzed using standard sieve sizes to obtain 
the weighted grain size distribution. Given the ratio h/D50=2.94, the river is of intermediate scale 
roughness according to the classification by Bathurst et al. (1981). The riverbed is hydraulically 
rough, composed of coarse gravel and randomly spaced macro-roughness elements as high as half 
the water depth (0.5h). There was no sediment transport during the measurements. 
The measurements were made on a 3x5 rectangular horizontal grid (x-y). Fifteen velocity 
profiles were equally spaced in the spanwise direction with a distance of 10 cm, and in the 
streamwise direction with a distance of 15 cm. The vertical resolution of the measurements is 
roughly 0.5 cm. A measuring grid covering a 3D control volume was defined. The level of the 
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riverbed was determined by the sonar-backscattered response. The profiles were measured for 
3.5 min. 
 
 
3. INSTRUMENTATION - ACOUSTIC DOPPLER VELOCITY PROFILER (ADVP) 
 
The ADVP was developed at the Laboratoire d’Hydraulique Environnementale (LHE). It is a non-
intrusive ultrasonic instrument capable of measuring quasi-instantaneous 3D velocity profiles of 
clear water open-channel flows. It can be used in laboratory studies or in field studies (rivers and 
lakes). The ADVP allows turbulence measurements that cover the inertial and the productive range 
of the spectral space. Acoustic sonar uses the Doppler effect to measure the velocity of moving 
targets. The signal emitted by the ultrasonic emitter-transducer is scattered by moving particles and 
captured by a receiver-transducer; the Doppler shift between the emitted and the received signal is 
proportional to the target’s velocity. The working principle of this Doppler based instrument is 
explained in detail in Rolland and Lemmin (1997).  
The ADVP configuration adopted for the measurements is called the multistatic mode. It 
consists of four receivers that surround the emitter allowing one redundancy in the velocity 
component calculation. This redundancy is used to eliminate signal noise and to control the data 
quality (Hurther and Lemmin 2000). Recently, Blanckaert and Lemmin (2006) presented an 
optimization of the ADVP configuration that theoretically eliminates the noise from the measured 
velocity field. It also provides the algorithm to compute the instantaneous velocity components, as 
well as the different components of the Reynolds stress tensor (normal and shear stress), all as a 
function of the four Doppler frequencies acquired with the system. Franca and Lemmin (2006) 
present an algorithm to improve the data quality by eliminating aliased data with an algorithm that 
takes into account the Doppler signal history. Although a low degree of aliasing was expected, this 
dealiasing technique was applied to the present data. The quality of the signal obtained with the 
ADVP measurements is closely related to the scattering targets and their capability to follow the 
fluid motion. Shen and Lemmin (1997) investigated several hypotheses for turbulence induced 
scattering sources. 
A Pulse Repetition Frequency (PRF) of 1666 Hz and a Number of Pulse Pairs (NPP) of 64 
were used for the estimate of the Doppler shift, resulting in a sampling frequency of 26 Hz. A bridge 
which supported the ADVP instrument allowed the easy displacement of the system across the 
section and along the river streamwise direction (Figure 1). The portable metal bridge structure was 
levelled so that the instrument always had the same distance from the water surface (Figure 1). This 
set-up allowed efficient profiling and a minimum disturbance of the flow by the measuring 
installation, minimizing at the same time vibrations of the ADVP instrument. 
 
 
 
Figure 1 Deployable 3D ADVP system placed for measurements at the river Venoge. 
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4. THEORETICAL FRAMEWORK 
 
We modify the mean conservation equations by applying the Reynolds decomposition to the 
variables pressure P, 'iii PPP += , and velocity v, 'iii vvv +=  (Schlichting 1968, Monin and 
Yaglom 1971, Hinze 1975, Chassaing 2000 and Pope 2001) in order to obtain the equation 
governing turbulent flows where additional stresses are introduced by the fluctuating velocity field. 
The subscript i stands for the corresponding 3D Cartesian directions {x,y,z}≡{1,2,3} (1 or x for 
streamwise, 2 or y for spanwise and 3 or z for vertical). The over-bar indicates the temporal mean 
and ‘ the instantaneous value. For the streamwise, spanwise and vertical velocities we use the 
symbols u, v and w. For an incompressible turbulent flow of a Newtonian isothermal fluid, the 
conservation of mean momentum is expressed by the Reynolds Averaged Navier-Stokes (RANS) 
equations: 
 
 
{
444 3444 21321443421
stressesturbulentandviscousIV
ji
j
i
j
pressuremeanIII
iforcedrivingII
i
derivativetotalI
j
i
j
i vv
x
v
xx
PX
x
v
v
t
v
::
:
:
''
1








−+−=+ ∂
∂
ν∂
∂
∂
∂
ρ∂
∂
∂
∂
 (1) 
 
t represents the time variable; xi, the spatial variable in the direction defined by the index i;   
(term II), the mean driving force (for open-channel flows corresponds to the gravity term: 3igδ , δi3 
is the Kronecker symbol); ν, the fluid kinematic viscosity; ρ, the fluid density. Assuming uniform 
flow conditions, the local term in I ( t∂∂ / ) is eliminated. Term III is the stress induced by the mean 
pressure variation. The last term (IV) represents the viscous (left) and turbulent (right) stresses 
imposed on the flow. The pressure gradient was not assessed in the present study; often this term 
may be considered negligible. The viscous dissipation represented by the term 
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v
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2
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negligible since our measurements were made outside the viscous layer and the flow is fairly 
turbulent (high Reynolds number). The total stress in the flow may thus be reduced to 
jiij vv ''ρτ −= , the so-called Reynolds Stress Tensor, RST: 
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The RST is symmetric. The diagonal terms correspond to normal stresses and the tangential 
terms to shear stresses. The trace of RST/2ρ defines the mean of the turbulent kinetic energy (TKE - 
'k ): 
 
 ( )222 ''''''2 wvuvvk iiii ++=== ρ
τ
 (3) 
 
In the present study we assess the mean velocity field as well as the six different turbulent 
terms of the RST using instantaneous velocity profile measurements made in shallow gravel-bed 
river flows. 
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5. EXPERIMENTAL RESULTS 
 
5.1 Mean Flow 
 
With the present measurements Franca (2005b) identified three kinds of velocity profiles (Figure 2): 
logarithmic (mono-log), s-type and double logarithmic layer (2xlog). Their occurrence is a direct 
consequence of the bed geometry. The so-called s-shaped profiles are caused by the velocity 
inflection due to the presence of large-scale bed perturbations. Downstream of the bed perturbation, 
double boundary-layered profiles occur where the inner logarithmic layer is formed by the 
redistribution of the momentum throughout the flow depth, whereas the outer boundary layer is due 
to the upstream wake effect. Franca (2005b) described in detail one case where a transition log-s-
shaped-2xlog occurs in the present measurements. The dynamics of the flow were investigated 
taking into account the spanwise mean velocity component, Reynolds turbulent stresses and a 
coherent structure analysis. An individual bed perturbation scaling with D84 is responsible for the 
velocity inflection. In the presence of the obstacle, three regions of the flow can be identified, 
corresponding to the transition between the three profiles: (A) convergence of the flow in the outer 
layers above the boulder; (B) separation of the flow due to the boulder creating a shielded inner 
zone, where the mean velocity distribution is inflected; (C) a double boundary layer profile 
indicating momentum redistribution throughout the water depth. Low momentum regions are 
laterally conveyed into the lee of the bed perturbations by the mean spanwise field, contributing to 
the inner log law layer in the downstream profile. The shear zone in the upper logarithmic layer is 
due to the form drag caused by the upstream obstacle. 
 
 
 
Figure 2 Example of the transition between log-s-2xlog velocity profiles (Franca 2005b). 
 
Franca (2005a) verified that the shear stress distribution in an intermediate layer of the flow is 
similar for the different measured profiles, independent of their type. He concluded that the flow can 
be divided into three inviscid layers: 1) the roughness layer, as defined by Nikora and Smart (1997) 
(z<zRL≈0.20h); 2) the intermediate blending layer (zRL≈0.20h<z<zSL≈0.80h) (Wieringa 1976); and 
3) the surface layer (z>zSL≈0.80h) (Franca and Lemmin 2005). In the roughness layer the major 
deviations in the distribution of the mean properties of the flow result from its three-dimensionality. 
In the intermediate layer, the shear stress distribution is similar in the measured profiles. The flow is 
again 3D in the surface layer affecting the mean and fluctuating flows. The perturbed surface layer 
occurs in response to large bottom roughness (Franca and Lemmin 2005). 
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5.2 Reynolds stresses  
 
In this section we analyze the distribution of the three RST normal components corresponding to the 
velocity variances ( 2'iv ), commonly called turbulent intensities (TI). Normal stresses define the 
energy content of the flow, since ii vvk '''2 = . In order to understand the turbulence structure of the 
flow, two analyses for TI terms are presented: TI normalized by the kinetic energy (Figure 3), and 
TI normalized by the friction velocity (Figure 4). The local friction velocities were determined by 
the eddy-correlation method (Monin and Yanglom 1971) and correspond to the longitudinal shear 
stress ''wu  distribution slope in the blending layer. 
 
 
 
 
Figure 3 TI distribution: TI normalized by the TKE ( kv i 2/' 2 ): ‘’ streamwise; ‘’ spanwise; ‘’ 
vertical. 
 
The main contributor to the TKE is the longitudinal TI ( 2'u ), representing 50 to 80% of its 
total value (Figure 3). The turbulence production thus has a strong anisotropy. The occurrence of 
anisotropic turbulence structures in gravel-bed river flows was documented by other authors 
(Williams et al. 1989 and Buffin-Bélanger et al. 2000). The maximum anisotropy is observed near 
the bottom; it decays towards the surface, having a minimum around z/h≈0.70, increasing again near 
the surface. The spanwise TI increases constantly from the bottom ( 0'2/'2 ≈kv ) to the surface 
( %30'2/'2 ≈kv ). Vertical TI increases from the bottom ( 0'2/'2 ≈kw ) to a maximum value at 
z/h≈0.70 ( %20'2/'2 ≈kw ), showing a distribution complementary to the streamwise TI in the region 
z/h>0.20. Near the bottom, spanwise and vertical TI approach, indicating a tendency to isotropy in 
the transversal plane {y-z}.The relationship between the different TI components vary throughout 
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the flow depth according to 8.4
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. The flow is more anisotropic than 
that observed by Tritico and Hotchkiss (2005) for rivers with high blockage ratios. The existence of 
large-scale uniform streamwise momentum regions pulsating in the flow has previously been 
observed in gravel-bed rivers (Falco 1977, Williams et al. 1989, Yalin 1992, Kirkbride and 
Ferguson 1995, Dinehart 1999, Roy et al. 2004 and Franca and Lemmin 2004). It can be considered 
to contribute to the higher contribution of 2'u .  
Several authors presented empirical exponential laws to describe the vertical distribution of TI 
and TKE in open-channel flows (Nezu and Nakagawa 1993, Kironoto and Graf 1994, and Cardoso 
et al. 1989): 
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D and C are the empirical coefficient and exponent, respectively. In Figure 4 we compare the 
actual river data with the relations established by these authors.  
 
 
 
Figure 4 Normal stresses and TKE normalized by u*; C89, NN93 and KG94 are empirical laws 
presented by Cardoso et al. (1989), Nezu and Nakagawa (1993) and Kironoto and Graf (1994). 
 
Near the surface, z/h>0.60, observations are of the order of magnitude of the empirical laws 
(4). The TI trend is reasonably well described in the streamwise and spanwise data for z/h>0.40 and 
z/h>0.60, respectively. However near the bottom, below z/h≈0.20 and 0.30 for the streamwise and 
spanwise TI, the TI decrease occurs much earlier than observed by previous authors. From the free 
surface to position z/h≈0.40, data follow the same slope as the empirical curve for the 'k  
distribution. The results by Tritico and Hotchkiss (2005) for unobstructed flow are also located 
above the line defined by eq. (5). Vertical TI distribution presents a convex/parabolic shape, 
different from an exponential law; its maximum is attained roughly in the middle of the water depth. 
Apparently both the surface and bottom exert a stronger influence on the vertical TI than predicted 
by empirical laws. 
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The large roughness on the riverbed induces major changes in the turbulence structure. The TI 
and TKE values grow from the free surface until roughly z/h=0.20 to 0.40. Below this value their 
distribution is determined by local effects of the randomly distributed bed forms. The maximum 
TKE values are situated at z/h≈0.20, which is roughly the upper limit of the roughness layer. For 
larger flow-depth/grain diameter ratios of h/D50=35 and 16, Nicholas (2001) obtained the maximum 
TKE values at z/h≈0.10, which is lower than in the present observations. In our case, the roughness 
layer behaves similarly to the benthic boundary layer (BBL) described for several geophysical flows 
(Kantha and Clayson 2000) including gravel-bed rivers (Williams et al. 1989). Aberle (2006) 
showed similar results where TI values reached the maxima at a height corresponding to the average 
roughness crest levels. 
We will now analyze the distribution of the three RST tangential components ( '' ji vv ) or shear 
stresses. Open-channel shear stress is mainly driven by bed shear resulting from the combined effect 
of the bottom roughness elements and the bed form. In Figure 5 we plot the three shear stress 
components normalized by the friction velocity. This friction velocity corresponds to the slope of 
the longitudinal shear stress distribution in the blending layer. 
 
 
 
Figure 5 Shear stresses normalized by u*2; the line has a slope equal to u*. 
 
 As expected, the main shear activity occurs in the lower regions of the flow. The longitudinal 
shear stress ( ''wu ) coincides well with a hypothetical linear distribution above z/h≈0.30. Below this 
position it is locally conditioned by random bed forms. The transversal shear stress distribution 
( ''wv ) becomes significant below z/h≈0.20, with maximum values typically around z/h≈0.10. The 
distribution of this stress changes randomly and is also locally conditioned by the bed shape. The 
horizontal shear stress ( ''vu ) is important below z/h≈0.40, occasionally being higher than u*. Inside 
the blending layer the surface and bed shear combine into one general effect, and the flow becomes 
2D where the {x-z} shear dominates the flow resistance. The flow is self-similar only in the 
blending layer and may be normalized by the variables h and u*. Near the bed, u* calculated from 
the longitudinal shear becomes unsuitable to represent the global shear effect. A friction velocity 
calculated in the mean momentum direction might be a correct solution corresponding to the self-
similarity of the flow. However, the dominant momentum transport direction changes between 
profiles and within the vertical direction, causing additional complexity. 
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6. CONCLUSIONS 
 
We analyzed the turbulence structure of a gravel-bed river flow, based on ADVP measurements 
taken in a 3D grid composed of 15 instantaneous velocity profiles. In previous studies for similar 
conditions we defined three major outer regions of the flow: 1) the roughness layer (z<zRL≈0.20h); 
2) the intermediate or blending layer (zRL≈0.20h<z<zSL≈0.80h); and 3) the surface layer 
(z>zSL≈0.80h). In both the roughness and surface layers, the flow is mainly 3D and the mean 
turbulence characteristics present major deviations from standard distributions. A lumped analysis 
was carried out in an attempt to establish general characteristics applicable to these kinds of flows. 
We investigated the RST normal and tangential components and we tried to establish useful 
relations for modelling purposes. The main conclusions on the RST are the following: 
- The streamwise TI dominates the TKE, representing between 50% and 80% of the total 
amount. Spanwise and vertical TI contributions vary from 0'2/'2 ≈kv  to %30'2/'2 ≈kv  and from 
0'2/'2 ≈kw  to %20'2/'2 ≈kw . The relation between the different TI distributions is expressed by 
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. 
- Maximum anisotropy happens near the bottom and the minimum is found at z/h≈0.70. The 
vertical TI distribution is complementary to the streamwise TI. Near the bottom we observed 
isotropy in the transversal plane {y-z}.\ 
- The empirical formulas proposed by previous authors to describe streamwise and spanwise 
TI distributions showed limitations, mainly in the lower layers of the flow. 
- Using friction velocity as a characteristic velocity scale, the self-similarity of the flow is only 
valid above the roughness layer. Inside the roughness layer all RST shear stresses increase and 
acquire equivalent importance indicating that the friction velocity estimated from the longitudinal 
shear stress does not represent the actual bottom drag. Friction velocity u* has to be estimated by 
taking into account the predominant momentum transport direction. 
The present analysis is based on river measurements. These results contribute to empirical 
information essential for modeling mixing and transport processes within turbulent gravel-bed river 
flows. Further studies will deal with the application of double-averaging methods to the present data 
in order to separate bed-form induced stresses from the turbulence induced stresses (Franca and 
Czernuszenko 2006). 
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